A mathematical model that considers the source-insulator interaction is presented for modeling flashover of outdoor insulators under contaminated conditions. The model is applied to suspension and post type insulators with wettable surfaces. Several IEEE test cases of practical power systems have been evaluated using PowerWorld ® to estimate the source strength. Results included in this paper show that significant difference exists in the probability of flashover in actual power systems when compared to laboratory results using sources that satisfy international standards. It is found in this paper that flashover in service can occur at much lower levels of contamination than predicted by international standards.
INTRODUCTION
TRANSMISSION voltages worldwide are increasing to accommodate higher power transfer from power generation to load centers. Insulator dimensions cannot increase linearly with the voltage as supporting structures become too tall and heavy. Therefore, it is necessary to optimize insulator design considering all operating conditions including dry, wet and contaminated. Outdoor insulators are subject to contamination by airborne dirt and chemicals, including salt [1] . When an insulator is dry, there is no problem. When it is wet, the surface resistance drops considerably which results in leakage current and discharges that are localized to the narrow parts of the insulator. Under certain conditions, the discharges can continue to grow until they bridge a significant length of the insulator resulting in flashover and power line outage.
The contamination (or pollution) performance of insulators has been extensively studied. With regard to insulator performance under conditions that could be categorized as clean or light contamination that are typical of majority of locations, there are still reports of flashover in service despite the fact that in laboratory tests these insulators withstood higher levels of contamination than those found in the field [2, 3] . The basic mechanism of flashover has not yet been fully understood due to the large number of parameters associated with the phenomena.
The desire for better prediction of the insulator flashover performance in an economic manner requires mathematical models. This started from a theory proposed by Obenaus and later improved by Neumarker [4] . Many researchers have subsequently modified the model for various types of insulators under different conditions. Hampton developed the necessary conditions for arc propagation based on a water column experiment that simulated a contaminated long rod insulator [5] . Most of the existing models are static and do not take into account variations in parameters of arc propagation with respect to time. Rizk reviewed mathematical models for pollution flashover and proposed a new theory of AC insulator flashover by introducing arc reignitions condition [6] . He also evaluated the impact of test source on the insulator flashover process. A dynamic model that considered instantaneous arc parameter changes was later proposed by Sundararajan [7] . This paper will start with the development of insulator flashover model and their validations. Then the study of test source parameters effect on insulator flashover performance will be investigated. Subsequently flashover probability and the role on arcs partially bridging the insulator will be discussed. Figure 1 shows the schematic of a laboratory insulator pollution test. The insulator is energized from a test transformer that is fed from an AC power source. The voltage applied to the insulator is lower than the supply voltage due to significant impedance of the source. Obenaus's model for a polluted insulator is shown in Figure 2 . It depicts a partial arc in series with an unbridged pollution layer on the insulator [4] . The simplified equivalent circuit is shown in Figure 3 . The source is represented by its resistance , inductance and capacitance . represents arc resistance per unit length and is unbridged pollution resistance per unit length. 
MODELING DETAILS

EQUIVALENT CIRCUIT
ARCING MODEL
An arc essentially will go through four main stages when it is energized by an AC source: arcing, arc extinction, dielectric recovery and restrike. Unlike DC, an AC arc passes through current zero twice every cycle. After it crosses current zero, the transient recovery voltage will steadily rise till it exceeds the dielectric strength of the air gap, resulting in breakdown of the gap. The dielectric strength of an air gap following arc extinction can be expressed as a function of the voltage gradient of the air gap at ambient temperature, time and leakage current [6] :
where is dielectric strength of the air gap, is arc length, is dielectric gradient of a nonuniform field air gap, is time measured from current zero, is arc current peak value in the previous half cycle.
The transition from arc restrike to arcing stage happens as the voltage gradient approaches the arc gradient. This can be described by Toepler's equation [8] : (2) Where is arc current, 0.5 10 • / for air at ambient pressure. Equation (2) suggests that arc resistance will decrease and the arc voltage will fall during restrike. The leakage current will start to rise and the speed of current build up is related to the test source parameters.
After restrike, it enters the arcing phase, where the arc elongates along the insulator surface. In order to account for dynamic arc properties, a generalization of Mayr's equation is used here [6] :
where is time constant, and , are dynamic arc constants.
The arc propagation speed is difficult to predict as it changes rapidly. An empirical formula obtained from arc propagation over a contaminated surface can be written as [6] :
where is arc propagation velocity, is insulator current, is critical current. This formula shows that arc can only propagate when the arc current is greater than critical current, which is identical to the arc motion criterion proposed by Hampton [5] .
STATE VARIABLE APPROACH
This dynamic system can be described by four differential equations and is solved by the state variable approach. The inductor current , capacitor voltage , arc resistance , and arc length are selected as state variables. After simple manipulations, the system differential equations can be expressed as:
where is supply voltage, is leakage distance, is time step.
These equations are coupled differential equations and they can be solved by using numerical methods. The fourth order, or classic Runge-Kutta method was used in this study because it can achieve high accuracy without requiring the calculation of higher derivatives [9] .
PROGRAM FLOW CHART
The program was coded in Matlab (version 2013b). The program inputs are insulator profiles and AC source parameters. The program can be used as a two-way approach to calculate either the flashover voltage or the pollution severity that results in flashover at the nominal voltage. The program is applicable for predicting flashover of different types of insulators with various geometries under different contamination conditions. The flow chart of the program is shown in Figure 4 .
VALIDATION OF THE MODEL
The model was validated by comparing the results with published literatures [7, 10, 11] . To begin with, three different types of insulators were investigated. insulators geometries and Table 1 shows the insulators dimensions. 
EFFECT OF SOURCE PARAMETERS
Flashover performance of polluted insulators is usually evaluated by artificial pollution tests in laboratories. It has been reported that there is a large dispersion of pollution test results from different laboratories and this has been attributed to the variations in source parameters [12] . Among all source parameters, inductance, capacitance and short circuit current were of interest and were investigated systematically.
The geometry of the sample insulator used for present study is shown in Figure 9 . The insulator dimensions are shown in Table 2 . A single pollution level of surface conductivity at 120 / was used throughout this section. 
SOURCE INDUCTANCE
Published investigations on source parameters influence on insulator flashover performance mainly focus on X/R ratio and not so much on source inductance. Since there is a counter effect between inductance and capacitance, source inductance is expected to be an important factor as well. The value of equivalent inductance varies among different high voltage laboratories. The reported typical range of this value is 8 -70 H [12] . A commonly reported inductance value of 35 H was selected as base value (0% variation). The effect of source inductance on flashover voltage is shown in Figure 10 , from which it can be noted that the flashover voltage varies from the base value by about 12% (-5 to +7%). 
SOURCE CAPACITANCE
The reported values for power source shunt capacitance ranges from 0.3 nF to 20 nF [8, 13, 14] . A commonly quoted value of 0.5 nF was chosen as the base (0% variation). Figure  11 shows the capacitance impact on flashover voltage. From the results, it can be seen that different values of shunt capacitance used can change the flashover voltage by about 13% (+6% to -7%). This is because after a restrike, insufficient capacitance will discharge so quickly that the current is unable to reach a high enough value to maintain the conduction in the arc channel. As a result, the arc will die out and increase the flashover voltage. 
SHORT CIRCUIT CURRENT
The short circuit current is a good indicator of a power source strength. A test source with large short circuit current is considered to be a powerful source and a source with relatively small short circuit current value is referred as a weak source. IEC 60507 and IEEE Standard 4 both list recommended minimum requirements of short circuit current [15, 16] . From published data, it can be seen that even for powerful sources in the laboratory, the maximum short circuit current is typically limited to about 50 A [12] . On the other hand, the short circuit current in real power systems is at least a few thousand amperes. In order to accurately estimate the short circuit capacity of a practical power system, the IEEE 30-bus system was investigated. The system diagram is shown in Figure 12 [17] . A fault was first created at different locations in the system, and the equivalent short circuit parameters were calculated. Three locations that have smallest short circuit current were reported and shown in Table 3 . It can be seen that the short circuit current results agree well with the published literature [18] . Other IEEE test cases including 14-bus and 118-bus were investigated as well. From the study of short circuit capacity of different IEEE test cases, the equivalent resistance was found to be in the range 12-52 Ω, and the equivalent inductance 0.1-0.7 H. Table 4 , typical source parameters from high voltage laboratories are listed along with values obtained by analyzing the three different IEEE systems [12] . It can be seen that there is a huge difference in the values and this is to be expected. The impact of these values on flashover voltage is shown in Figure 13 . Figure 13 . Influence of source strength.
It can be noted from Figure 13 that the same insulator in service can experience flashover that is 22% lower than values obtained from laboratory tests. Additional shunt capacitance can partially mitigate the high flashover voltage caused by weak source, while it has little influence on flashover voltage of a powerful source.
FLASHOVER PROBABILITY
Most insulator flashover studies focus on traditional deterministic methods, in which the contamination severity is specified, and a certain voltage is applied to the insulator. Deterministic methods can only predict whether an insulator would flashover or withstand. However, insulator flashover is indeed a probabilistic process given that both contamination severity and the withstand voltage are probabilistic variables [19] [20] [21] .
Since the flashover probability function in actual test conditions is unknown, several widely used probability functions were evaluated. Three different distribution functions, normal distribution, Weibull distribution and logistic distribution were considered [22] . Assuming sufficient wetting for the sample insulator with a surface conductivity of 120 / , the comparison of flashover probabilities with different distribution functions is shown in Figure 14 for the insulator shown in Figure 9 . The differences among three functions are relatively small. The largest difference is about 4.5% and occurs between Weibull distribution and logistic distribution. In this work Weibull distribution was selected for further investigations.
By comparing the test sources in Table 4 , Figure 15 shows that flashover can occur over a wider range of voltage in the field than in the laboratory (source satisfying the IEC standard). For the insulator described in Figure 9 and Table 2 , flashover can happen at supply voltage as low as 13 kV for the field source, but even for a powerful laboratory source, Power System Laboratory flashover will not happen until the voltage reaches 24 kV. In the laboratory, the range of voltage that causes a change of flashover probability from 10-90% is within 13% of the critical (50%) flashover voltage value, while in the field this variation is about 48%. This suggests that insulators in service can flashover over a wider range of contamination severity than predicted by laboratory tests. The ESDD range that corresponds to 10-90% flashover probability is 0.016-0.13 / for the field source. For the laboratory source, this range is 0.025-0.042 / . 
ARC JUMPING
Most insulator flashover models assume that arcs propagate along the insulator surface. However, it has been observed and reported that sometimes arcs will bridge sheds instead of following the surface as shown in Figure 16 [23, 24] . Arc jumping usually happens on insulators with closely spaced sheds in locations where the electric field is high [23] . The reported electric field range that results in arc jumping is from 4.5 kV/cm to 11.5 kV/cm [25] . Literature also indicates that arc jumping can also occur under light contamination due to localized high values of electric field along the insulator [24] .
A new arc jumping criterion including both electric field and leakage current effects is introduced in this paper. Based on the work of Holtzhausen, the electric field E next to the arc root, as a function of arc root position and leakage current, can be obtained by [25] : 0.495 1 .
(9) where is normalized arc length from 0 to 1, is leakage current (in A) and is layer resistance (in Ohms). The electric field threshold value for arc jumping was chosen as 8 kV/cm in this study since it is the average value from what was reported [25] . Two withstand cases were investigated as shown in Table 5 . Case A represents a low level pollution case and case B represents a relatively higher conductivity case. Figures 17a and 17b are simulation results of the electric field during arc propagation on the sample insulator described in Figure 9 and Table 2 . Figure 17a shows that the arc can only extend along a portion of the insulator due to insufficient applied voltage. Since the electric field at this time is lower than the threshold value for arc jumping, it suggests that arc jumping will not happen and the arc will extinguish. Figure  17b illustrates a different scenario where the electric field is higher than the threshold value for arc jumping. Therefore, arc can bridge insulator sheds for case B. It can be concluded from this study that arc jumping can happen at high conductivity conditions as well. 
CONCLUSIONS
A mathematical dynamic model that accounts for AC source impact on insulator flashover under contaminated conditions is presented in this paper. It is shown that source parameters have large influence on insulator flashover performance. The model is also extended to investigate the phenomenon of arc jumping, and a new arc jumping criterion is proposed. While traditional laboratory tests provide a narrow range of voltage that causes an insulator to transition from withstand to flashover, it is in fact much larger when considering the source strength in actual power systems. The practical significance of this study is that flashover in service can occur at much lower levels of contamination than predicted by international standards.
